We present the synthesis of homogenous PtNi and PtNi 3 alloy nanoparticles by organic solution approach, which showed 4-5 fold increases in Pt-mass normalized activity of oxygen reduction reaction (ORR) compared to conventional Pt catalyst after electrochemical dealloying. Using aberration-corrected scanning transmission electron microscopy and electron energy loss spectroscopy, we found that there is a strong tendency of subsurface enrichment of Ni in the dealloyed Pt-Ni nanoparticles at a higher initial Ni composition (PtNi 3 ), which therefore resulted in unusual core-shell fine structures. Based on this, a correlation of near-surface compositions to the ORR activities of the dealloyed Pt-Ni catalyst nanoparticles was established.
Introduction
The slow rate of the cathode oxygen reduction reaction (ORR) has become one of the main challenges for the development of polymer electrolyte membrane fuel cells (PEMFCs) 1, 2 . Commercial ORR catalysts generally consist of dispersed Pt nanoparticles on high surface area carbons, which suffers from both high cost and storage limit. To become viable using Pt-based catalysts in PEMFCs, it is considered that at least 4-fold increase on the mass activity is needed 2, 3 . Our previous works show that, by dealloying of nanoscale transition-metal-rich Pt bimetallic alloys (e.g. PtCu 3 , PtCo 3 and PtNi 3 , etc.), core-shell nanoparticles with Pt shell and Pt alloy core were formed and showed high ORR activities. 4, 5 The compressive strain formed in the Pt shell surrounding a Pt alloy core with a smaller lattice parameter was found to play a critical role in their high activities. 6 A unique feature of the dealloyed core-shell catalysts is the experiment control of the lattice strain by controlling the Pt shell thickness and the alloy core composition that determines the upper limit of strain in the Pt shell, which therefore enables latticestrain controlled ORR activities. From this perspective, the alloy composition is considered to be one of the most important factors that determine the catalytic activities, which continues to be an important subject in the research of Pt alloy electrocatalysts [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . To further understand how alloy compositions affect the catalytic activities of dealloyed nanoparticles, detailed knowledge of the core shell fine structures at atomic scale is crucial. Here, by using high-resolution aberration-corrected scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy (EELS), we found that there is a strong tendency of subsurface enrichment of Ni in the dealloyed Pt-Ni nanoparticles at a higher initial Ni composition (PtNi 3 ), therefore resulting in unusual core-shell fine structures. This unique subsurface enrichment provides us an ©The Electrochemical Society atomic scale understanding that how the initial composition would influence the catalytic activities of dealloyed Pt bimetallic core-shell nanoparticles.
Experimental
Monodisperse PtNi and PtNi 3 nanoparticles were synthesized using a previously reported modified organic solution approach. 16, 17 The synthesized Pt-Ni nanoparticles were then supported on high surface area carbon support to be used as electrocatalysts. To remove the surfactants, supported Pt-Ni nanoparticles were heated at 180 °C in air for 1 h. Then N 2 was purged into the furnace for 2 h at 180 °C to remove O 2 , after which the catalyst powders were further annealed at 400 °C in H 2 (4 vol% in Ar) for 4 h.
Electrochemical experiments were performed in a three-compartment glass cell with a rotating disk electrode (RDE, 5 mm in diameter of glassy carbon, Pine Instrument) and a potentiostat (Biologic) at room temperature. A Pt-mesh and a Hg/Hg 2 SO 4 electrode (in saturated K 2 SO 4 ) were used as counter electrode and reference electrode, respectively. All potentials reported in this paper were normalized with respect to the reversible hydrogen electrode (RHE). Electrochemical dealloying was then performed by potential cycling between 0.06 and 1.0 V for 200 cycles at 500 mV/s. After that, additional 3 CVs between 0.06 -1.0 V were recorded at 100 mV/s. For ORR measurements, linear sweep voltammetry were performed in O 2 -saturated 0.1 M HClO 4 from 0.06 to 1.0 V at 5 mV/s. The electrochemical measurements were repeated on three catalyst films for each catalyst. TEM and energy dispersive X-ray spectroscopy (EDX) measurements were performed in a FEI Tecnai G2 20 S-TWIN electron microscope (200 kV) equipped with a LaB6 cathode. High-resolution STEM and EELS experiments were performed in a FEI TITAN 80-300 electron microscope (300 kV) equipped with a probe corrector (CEOS) and a high-angle annular dark field (HAADF) detector. 'Z-Contrast' conditions were achieved using a probe semi-angle of 25 mrad and an inner collection angle of the detector of 70 mrad. EELS spectra were recorded with a Gatan image filter Tridiem 866ERS system. A line profile could thus be collected in 1-2 min and was confirmed to be from electron-beam-damage free particles by comparing STEM images before and after EELS measurement. The relative intensities of the Ni L 2,3 -and Pt M 4,5 -edge were normalized with respect to the elemental scattering cross sections so that they can be directly related to the number of the atoms along the electron beam.
Results and Discussion
The compositions of the synthesized carbon supported PtNi and PtNi 3 catalyst were confirmed to be the same as the nominal ratios of the precursors using EDX and ICP-OES, indicating 100% efficiency of the reduction of metal precursors. The synthesized supported Pt-Ni catalysts were then electrochemically dealloyed by potential cycling in N 2 saturated 0.1 M HClO 4 . The dealloyed Pt-Ni catalysts are hereafter referred to D-PtNi and D-PtNi 3 , respectively. Figure 1a shows the cyclic voltammograms (CVs) of the DPtNi and D-PtNi 3 catalysts, which showed the electrochemical surface area (ECSA, evaluated from the H upd peak) of 29 ± 2 and 35 ± 3 m 2 /g, respectively. Measurements of ORR catalysis show that both the dealloyed Pt-Ni catalysts exhibits significant enhancement of ORR activities over a state-of-the-art commercial carbon supported Pt catalyst (~3 nm, Johnson Matthey), as indicated by positive shift of halfwave potentials in the polarization curves (Figure 1b) . At 0.9 V, the D-PtNi3 catalyst shows a higher mass activity (0.81 A/mg Pt) and a higher area specific activity (2.27 [8] [9] [10] and nanoparticle catalyst 16 , where the best ORR activity was found at an initial Ni composition of 70%-75%. In order to understand the origin of the higher activity of the D-PtNi 3 catalyst, we further investigated the structures of the dealloyed catalysts at their catalytically active state. Figure 1(c,d) show the TEM images of the dealloyed Pt-Ni nanoparticles, which generally show non-porous spherical nanoparticles. The average particle size of the DPtNi 3 catalysts (6.8 nm) is slightly larger than that of D-PtNi catalyst (4.7 nm). EDX analysis showed that the average compositions of the D-PtNi and D-PtNi 3 catalyst changed to be Pt 77 Ni 23 and Pt 59 Ni 41 , respectively. The higher residual content of Ni in the D-PtNi 3 catalyst coincides well with its higher activity, which is consistent with the previous report.
Since the catalytic activities of Pt-bimetallic catalysts are more dependent on the near surface compositions rather than bulk composition, we further studied the core-shell fine structures of the dealloyed Pt-Ni nanoparticles by using aberration-corrected STEM measurement combined with EELS line analysis, as shown in Figure 2 . After electrochemical dealloying, both the dealloyed Pt-Ni nanoparticles revealed Pt-rich shells surrounding Pt-Ni alloy cores by the absence of Ni at the surface. The Pt shell thickness evaluated from the line profiles increases from 0.5 ± 0.2 nm in D-PtNi catalyst to 0.8 ± 0.2 nm in D-PtNi 3 , which coincides well with the HAADF images and is consistent with a previous report. 12 More importantly, our EELS data evidences a distinct and a very important difference in the Ni distribution across the alloy cores. As expected from a simple core shell structure for a dealloyed bimetallic nanoparticle, the Ni composition shows a monotonic decrease from the particle center to the particle surface in the D-PtNi catalyst (Figure 2b ). In contrary, the D-PtNi 3 catalyst (Figure 2d ) revealed an unusual Ni composition profile across the core, showing a previously undiscovered spherical enrichment of Ni at the subsurface atomic layers at a depth of ca. 2 nm. In other words, a Ni-enriched inner shell is formed near the surface and sandwiched between a Ni-poorer core and a Pt outer shell. Previous report suggested that a larger Pt shell thickness would result in a lower catalytic activity. 12 However, the present larger Pt shell thickness cannot explain the higher catalytic activity of the D-PtNi 3 catalyst. Our data strongly suggest that the compositional Ni distribution below the Pt shell plays a much more important role in the catalytic activities. Compared with the D-PtNi catalyst, the D-PtNi 3 catalyst exhibits a higher content of Ni at a comparable depth due to the presence of the Ni-enriched inner shell, leading to a higher extent of compressive strain over the Pt surface and hence a higher activity.
Conclusion
A spherical enrichment of Ni beyond the particle surface was discovered in the DPtNi 3 catalyst, leading to the formation of Ni-enriched inner shells at a depth of 2-3 nm. The disclosed Ni-enriched inner shell appears to play a critical role in determining the catalytic activities of the dealloyed Pt-Ni catalysts. The Ni-enriched inner shell resulted in a higher Ni composition below the Pt shell and hence a higher extent of compressive , 50 (2) 1627-1631 (2012) strain on the Pt surface, leading to a higher ORR activity on the D-PtNi 3 catalyst compared to D-PtNi catalyst. This phenomenon is likely to be universal in dealloying of bimetallic alloys and can be further applied to optimize Pt alloy catalysts with a broad range of compositions.
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